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the  system through specific protonation, these reac-Lance W. Shipman,1,3,4 Ding Li,1,4
Charles A. Roessner,1 A. I. Scott,1,2 tions are otherwise thought to be uncatalyzed. In con-
trast, typical 1,2-alkyl shifts are fairly common and occurand James C. Sacchettini1,2,3
1 Department of Chemistry in many enzyme-catalyzed reactions, particularly in the
production of complex steroids and other natural prod-2 Department of Biochemistry and Biophysics
Texas A&M University ucts. The reactions generally rely on the production,
cascade, and ultimate neutralization of an unstable car-College Station, Texas 77843
bocation, which leads to the rearrangement product
(Figure 1c). Thus, the observation that the methyl migra-
tion that permits the production of hydrogenobyrinicSummary
acid from precorrin-8x occurs by an intramolecular pro-
cess begs a rationale for this conversion. Toward thisBackground: The crystal structure of precorrin-8x
methyl mutase (CobH), an enzyme of the aerobic path- end, models (Figure 1a) of both mechanisms were devel-
oped using the biomimetic substrate, 2,2-dibenzyl-2H-way to vitamin B12, provides evidence that the mecha-
nism for methyl migration can plausibly be regarded as pyrrole to mimic the conversion under nonenzymatic
conditions. This compound was stable at room tempera-an allowed [1,5]-sigmatropic shift of a methyl group from
C-11 to C-12 at the C ring of precorrin-8x to afford ture but underwent a [1,5]-sigmatropic rearrangement
when heated to 200C or when treated with trifluoroace-hydrogenobyrinic acid.
tic acid in dichloromethane [3]. This result suggested
either that the enzyme catalyzing the reaction bindsResults: The dimeric structure of CobH creates a set
of shared active sites that readily discriminate between precorrin-8x in an exothermic process, thereby provid-
ing the energy necessary for product conversion, or thatdifferent tautomers of precorrin-8x and select a discrete
tautomer for sigmatropic rearrangement. The active site the active site of the enzyme contains a proton donor
that assists in the rearrangement.contains a strictly conserved histidine residue close to
the site of methyl migration in ring C of the substrate. In Pseudomonas denitrificans, the methyl migration
is catalyzed by the cobH gene product [4], a relatively
small dimeric protein (210 amino acids) commonly re-Conclusion: Analysis of the structure with bound prod-
uct suggests that the [1,5]-sigmatropic shift proceeds by ferred to as CobH, though also named precorrin-8x
methyl mutase or HBA synthase. The synthesis of HBAprotonation of the ring C nitrogen, leading to subsequent
methyl migration. has only been studied using cell-free protein extracts
from strains of P. denitrficans and, under these condi-
tions, the product remained tightly bound to the proteinIntroduction
and could be isolated only after denaturing the protein
with heat or acid [5]. Because of the instability of theThe final step in the aerobic biosynthesis of the corrin
macrocycle of vitamin B12 (Figure 1b) is an enzyme- substrate, a series of experiments utilizing P. denitrifi-
cans cobH knockouts were established to accumulatecatalyzed reaction in which the methyl group attached
to C-11 of the substrate, precorrin-8x, migrates from precorrin-8x for the determination of steady-state kinet-
ics for CobH [6]. Under these conditions, the enzymeC-11 to C-12 to give the product, hydrogenobyrinic acid
(HBA). The intramolecular nature of the methyl migration exhibited a high affinity for both substrate and product,
though a slightly higher affinity for the product is evi-has been demonstrated [1] in a crossover experiment
using [1,11,17-(CD3)3]-labeled substrate, followed by denced by the inhibitory effect of hydrogenobyrinic acid
(Km  0.91 M, and Ki  0.17 M, respectively). Multiplemass analysis of the product, and two potential mecha-
nisms for the rearrangement have been suggested. The sequence alignment of CobH proteins from various or-
ganisms and similar corrin binding proteins illustratesfirst is an allowed, concerted suprafacial [1,5]-sigma-
tropic shift of the C-11 methyl group occurring on a an accumulation of conserved polar residues in regions
flanking the C-terminal ends of potential  strands, as5,5-disubstituted pyrrolenine, either in the basic or pro-
tonated form. The second mechanism is stepwise and described by secondary structure predictions using Pre-
dictProtein [7]. Amino acid residues Ser17, Arg40, His43,features a 1,2-shift of the methyl group, followed by
prototopic rearrangement of the resultant carbocation. Met80, Thr115, Arg116, Asn137, Thr140, and Lys173 of
P. denitrificans CobH are also well conserved in all of itsAs described by Woodward and Hoffman [2], sig-
matropic shifts are bond reorganizations relying solely other known homologs. Despite the divergence between
the aerobic and anaerobic pathways, the specific homo-on the ability of a -orbital system to succumb to a
necessary, though energetically and geometrically con- log of CobH in the anaerobic pathway, CbiC [8, 9], exhib-
its 42% sequence identity, including the putative cata-strained, transition state. Though the required orbital
transition is in some cases brought about by altering lytic histidine, and shares predicted secondary structure
(Figure 1d).
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Figure 1. The Chemistry of Precorrin-8x Methyl Mutases
(a) A biomimetic model for [1,5]-sigmatropic rearrangements of the type catalyzed by CobH. In this model system, the intramolecular nature
of the nonenzymatic rearrangement was confirmed by both thermal and acid-catalyzed processes and provided an analogy for the conditions
under which CobH converts precorrin-8x to hydrogenobyrinic acid.
(b) A schematic overview of the conversion of precorrin-8x to hydrogenobyrinic acid by CobH during aerobic vitamin B12 biosynthesis in
Pseudomonas denitrificans, where “A” and “P” represent acetyl and proprionyl groups, respectively. All species are depicted in their most
stable solution states.
(c) A schematic representation of the suprafacial [1,5]-sigmatropic rearrangement.
(d) A homology analysis of CobH from Pseudomonas denitrificans and precorrin-8x methyltransferases from seven other organisms. Psede,
Pseudomonas denitrificans; Rhodo, Rhodobacter capsulatus; Myctu, Mycobacterium tuberculosis; Strep, Streptomyces coelicolor; Salty,
Salmonella typhimurium; Bmega, Bacillus megaterium; Metja, Methanococcus jannaschii; and Metth, Methanobacterium thermoautotrophicum.
Conserved residues that participate in hydrogen bonding and/or electrostatic interactions upon binding of hydrogenobyrinic acid are high-
lighted.
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Figure 2. Tertiary Structure and Quaternary Organization of CobH
(a) The determination of the quaternary structure of CobH in solution by gel filtration and native PAGE. The solid line indicates CobH, MW 
22,064; the dotted line indicates trypsin inhibitor, MW  20,100, and the dashed line indicates ovalbumin, MW  48,000.
(b) A representation of the helix and sheet order of CobH, as created in SETOR [32].
(c) A stereo ribbon representation of the free structure of the CobH dimer.
The crystal structures of CobH in both its apo form minal  helices, particularly Ile20, Val42, Gly46, and
and in complex with its product, hydrogenobyrinic acid, Val48. The subunits are arranged about a perfect dyad
were solved using the multiple-wavelength anomalous axis occurring near Met80, resulting in a buried surface
dispersion (MAD) technique, and the structures were area of 3346 A˚2 (Figure 2c). The dimeric structure of
refined to 2.1 A˚ and 2.6 A˚, respectively. Precorrin-8x CobH results in a compact globular structure of 67.3 
methyl mutase harbors a conserved histidine residue 51.8  43.6 A˚, while association of the subunits creates
close to the site of methyl migration in ring C of the two identical active sites of 1275 A˚3 each in volume.
substrate as well as binding pockets whose contours Each subunit is characterized by a near classical
serve as templates for the -orbital alignment that is /doubly wound  sheet structure containing 11 heli-
necessary for the sigmatropic rearrangement. There- ces and 6 strands [10]. The  sheet order is 165423,
fore, the structure points to a mechanism that involves with strand 1 flanking the otherwise entirely parallel 
a [1,5]-sigmatropic shift and is further enabled by pro- sheet in antiparallel fashion (Figure 2b). Surrounding the
tonation of the ring C nitrogen via a mechanism of guided  sheet are a cluster of consecutive packed helices
proton transfer and transition state stabilization. (13) and helix (4), which traverses the width of the
 sheet. The structure then evolves into a parallel /
containing a kinked helix at Val85 and Thr86 (56),Results
followed by the remaining helices (710). The C-ter-
minal helix (11) projects back onto the first helical layerThe Structure of CobH
of structure such that the terminal carboxylate is lockedCobH crystallizes as a dimer, and both gel filtration and
into place by salt-bridging interactions with Arg89 andnative PAGE experiments (Figure 2a) confirm its dimeric
Arg207. This well-conserved Lys173 appears to contrib-state in solution, although it had previously been re-
ute to this conformation, stabilizing the loop precedingported to be monomeric [4]. The homodimer is stabilized
11 by interacting with the backbone carbonyl oxygensby packing interactions between a well-conserved
of residues Pro163, Val188, Gly190, and Leu192 throughstretch of hydrophobic loop residues, 163–170, and a
host of hydrophobic residues lining the two extreme N-ter- hydrogen bonding.
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Figure 3. Substrate Binding Site of CobH
(a) A ribbon diagram of the dimeric complex with two molecules of hydrogenobyrinic acid. The boundary between the identical binding cavities
within the dimer is created by Met80 (shown in burgundy), which lies along the dyad axis of the dimer.
(b) A stick representation of the bound complex.
(c) A stereo representation of the binding interactions between HBA and polar residues from both subunits of the dimer.
Structure comparisons [11] with CobH revealed sev- The Structure of CobH Complexed
with Hydrogenobyrinic Acideral well-correlated structural motifs, specifically paral-
lel /-wound sheets with polar loop residues extending Bound HBA, the natural product of the enzymatic activity
of CobH, was observed within the active-site cavitiesfrom the C termini of strand elements. The top matches
among corrin binding proteins were the Escherichia coli of the dimer with near full occupancy, suggesting 1:1
binding stoichiometry (Figure 3a). The formation of theenzyme methionine synthase (Z score 4.6) [12] and the
A subunit of P. shermanii methylmalonyl-CoA mutase (Z enzyme:product complex does not significantly alter the
overall structure of the dimer insofar as HBA bindingscore  3.6) [13], each of which bind cobalamin as a
cofactor. Superimposition of the core  strands of CobH results in an overall C rmsd of 0.8 A˚ versus the apo
protein. An observable difference between the struc-and methionine synthase reveals a consensus corrin
binding domain that lies at the C-terminal loop region tures is a slight puckering about the N-terminal residues
2–53, resulting in a C rms difference of 0.8 A˚. However,of the parallel  strands (data not shown). Whereas me-
thionine synthase binds the macrocycle as a monomer, the most pronounced shifts, evidenced by an rms differ-
ence of 1.08 A˚, are observed in residues 79–102, whichwith N-terminal helices functioning to cap the active-
site cavity, the analogous N-terminal helices in CobH comprise the apical loop between strand 1 and helix
4. This region showed weak electron density in theare introduced by the adjacent subunit of the dimer.
Lesser-correlated structural similarities were found in solvent-flattened MAD maps, which serves to substanti-
ate the flexibility of these residues. The remaining ele-other corrin binding proteins, namely, Bacillus megate-
rium precorrin-4 methyltransferase (Z score  2.7) [14], ments of the protein fold are strikingly similar, with no
segment showing a C rms difference greater than 0.5 A˚.Salmonella typhimurium cobaltochelatase (Z score 
3.1) [15,] and S. typhimurium adenosylcobinimide kinase A host of the conserved polar residues from both sub-
units, namely, Ser17, Arg40, His43, Thr86, Arg101,(Z score  2.1) [16].
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Figure 4. Molecular Surface of the Complex with Hydrogenobyrinic Acid
(a) A stereo representation of the contour of the binding cavity colored by electrostatic potential, with the A ring of the corrin at left front.
Blue and red surfaces represent regions of positive and negative electrostatic potential, respectively. The surface around Arg116 (which
closes the front of the cavity as depicted) is omitted for clearer illustration of the shape of the cavity.
(b) The molecular surface of the bound CobH complex, illustrating the breadth of the binding cavity aperture.
All ribbon diagrams and molecular graphics were created using SPOCK [33], unless otherwise noted.
Thr115, Arg116, Ser117, Asn137, Thr140, and Ser195, further enhanced by charge complementarity between
residues near the solvent-accessible region of the cavit-project into each active-site cavity, generating an exten-
sive hydrogen bonding network between the side chains ies. Arg116 and Arg40 form bridging interactions with
the acetate groups of the A and B rings, respectively.and carboxylate moieties of the corrin (Figures 3b and
3c). Pronounced changes in side chain positions for The B ring propionate is fixed by interaction with Arg101
and a sequestered water molecule shared by Ser195.active-site residues were observed for Tyr14 (rmsd
1.18 A˚), Ser17 (rmsd 0.74 A˚), Thr86 (rmsd 0.75 A˚), Arg101 The corrin, therefore, adopts an orientation such that
the pyrrolyl nitrogen of the A ring lies in close contact(rmsd 2.12 A˚), Arg116 (rmsd 2.11 A˚), and Ser195 (rmsd
0.68 A˚). Within the active site, Tyr14, Ser17, Arg40, Ala44, with Tyr14, whose side chain also undergoes a notice-
able shift resulting in a change in 	2 by 53, while the Cand His43 encase the macrocycle across one face, while
the remaining electrostatic contacts from Thr115, ring is juxtaposed to a potential catalytic residue, His43.
Arg116, Ser117, and Thr140 are contributed by the adja-
cent subunit of the dimer. The binding pocket nearly Substrate Binding and Specificity
At a cursory glance, the mechanism by which CobHencapsulates the macrocycle, such that the C and D
rings pack against the extreme interior of the cavity, acquires precorrin-8x is not directly apparent by com-
parison of the free and bound structures. The bindingleaving the A and B ring carboxylates accessible to
solvent. At the D ring, the hydroxyl groups of Thr115 cavity appears accessible to the exterior of the protein
by an aperture too small to allow free diffusion of theand Thr140 form hydrogen bonding interactions with
the propionate oxygens, while Ser117 similarly interacts substrate (Figure 4b). It therefore stands to reason that
the protein undergoes a local, yet transient, conforma-with the acetate group. The hydroxyl group of Ser17
hydrogen bonds to the C ring carboxylate while main- tional change involving a shift of helices 5 and 6. This
assertion is based primarily on the relative increase intaining a 2.9 A˚ distance from the 
nitrogen of His43,
which lies directly adjacent to the C ring nitrogen. Ser17 disorder at the C-terminal loop flanking 6. This region
is among the few poorly conserved segments of theundergoes significant torsional rearrangement with 	1,
shifting by 75 upon binding. Binding appears to be primary sequences from CobH homologs and encom-
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Figure 5. Proposed Mechanism for Methyl Migration
(a) A depiction of the active species of precorrin-8x (shown in box) among other possible tautomers and the two predominant solution states
of hydrogenobyrinic acid. Stereochemical detail has been provided for all positions presently known.
(b) An illustration of both the stepwise and sigmatropic rearrangements describing the methyl migration catalyzed by CobH.
passes the poorest region of the experimental MAD rinic acid [17]. The reduced affinity for the a,c-diamide
of HBA can also be explained by the lack of chargeelectron density maps. By induction, this loop enables
tethering of this helical flap covering the B ring and complementarity with Arg40 and Arg116. The interaction
of neutral a,c-amide moieties of the corrin with chargedsignificantly expands the binding cavity, leading to an
open conformation as compared to the observed struc- guanidinium groups, rather than uncharged polar side
chains, leads to destabilization of the complex.tures. An important structural feature of product binding
is the observation that both subunits of the dimer con-
tribute to the formation of protein-ligand interactions. Deducing Mechanistic Details from the Structure
Among several possible mechanisms that have beenThis property presumably enhances product affinity by
locking the dimeric complex into a closed conformation. suggested for the catalyzed conversion of precorrin-8x
to HBA [4, 5, 18], we find three alternatives that areThis locked binding mode possibly explains the reported
kinetic characteristics of the enzyme [4], particularly the mechanistically plausible based on the structure of the
quaternary complex: a synchronous [1,5]-sigmatropichigh-affinity product binding and low turnover number
(5.1 h1). Another feature of the enzyme is its ability to rearrangement enabled solely by transition state stabili-
zation, a synchronous [1,5]-sigmatropic rearrangementdiscriminate between very similar substrates, particu-
larly di-cyano cobyrinic acid complex and hydrogeno- enabled by transition state stabilization and further ac-
celerated by protonation by a general acid, and a step-byrinic acid a,c-diamide, based on steric differences
about the site of metal insertion and charge decoration wise carbocation rearrangement induced by proton-
ation by a general acid and controlled by chargeabout the peripheral carboxylates. Analysis of the active
site reveals that the protrusion of Tyr14 across the A stabilization. The juxtaposition of the strictly conserved
His43 to the catalytic center strongly suggests that,ring nitrogen of the corrinoid presumably enhances the
binding affinity for metal-free chelating corrinoids (Fig- when protonated, it serves as a donor to subsequently
protonate the C ring nitrogen. This protonation wouldure 4a). With respect to the coordination sphere of co-
balt-containing corrinoids, the tyrosine in question ap- trigger rearrangement of adjacent conjugated double
bonds either as a synchronous [1,5] process or bypears to function by displacing labile water ligand while
offering relatively little competition against a cyanide means of an unstable transient carbocation center at
carbon 12. In the latter case, the nascent carbocationgroup, thereby excluding the binding of (CN)2-cobyrinic
acid while allowing low-affinity binding of (aquo)2-coby- at carbon 11, resulting from the methyl shift, would then
Structure of Precorrin-8x Methyl Mutase
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Figure 6. Comparative Detail between the Free and Bound CobH Complex
(a) A representation of the -carbon trace of the CobH dimer.
(b) The superimposition of the C trace of the free and bound structures of CobH. The flexible “hinge” region preceding 5 and 6, which
presumably allows the open conformation, is depicted. For illustration of the spatial separation between the hinge and the binding cavity, the
location of active site residues Arg101, Thr115, Arg116, and Ser117 is also shown.
(c) The Fo(apo) – Fo(bound) electron density map for the two best fitting tautomers of hydrogenobyrinic acid. The variable stereochemistry
with respect to C-15 (shown in green) and the static nature of the A ring (shown in the left back) are illustrated.
(d) A comparison of side chain conformation between active site residues in the free (cyan) and bound (yellow) structures. Refined water
molecules liberated by the binding of substrate/product are also shown within the binding cavity.
be stabilized by the presence of the adjacent hetero- and Ser195 is tautomer-dependent and somewhat influ-
enced by steric effects, particularly with respect to theatom. Quenching of the charge could then be afforded
by the removal of the nitrogen proton, which is shuttled positions of Ala44 and the strictly conserved residue
Met80. Among the various conformations possible forback to the active site histidine (Figure 5a). To date,
no rearrangement products have been reported from ring B, those containing improper stereochemistry at
C-8 have the added disadvantage of destroying thiscarbocation delocalization, as would be expected in a
stepwise mechanism. However, the specificity of the hydrogen bonding interaction by projecting the d-car-
boxylate away from the hydrogen bond partner. Theenzyme for a single tautomer of precorrin-8x and its
quantitative conversion to HBA [19] lend strong evi- conformation of ring B presents both C-10 and C-15 with
sp3 hybridization, thereby creating an isolated pyrrolicdence for the concerted sigmatropic rearrangement ver-
sus a stepwise mechanism. The separation of the vari- -system at ring C. The net effect of this conformational
bias is thus the selection of a tautomeric species whoseous tautomeric species of precorrin-8x and the subsequent
characterization of the active tautomer by 13C and proton -bond system is segregated and perched for re-
arrangement after activation by the putative catalyticNMR spectroscopy decisively qualified the preference
for the substrate with a specific -orbital arrangement histidine. Spectroscopic evidence substantiates the
conjugation state of the macrocycle, citing that precor-(Figure 5b). This consequence is further borne out by
the structure insofar as the contour of the binding pocket rin-8x exists as a mixture of tautomers containing sepa-
rated chromophores (max  274 nm, max  345 nm, maxprecludes binding corrinoids with considerable flexibil-
ity about the B ring. The selectivity for this tautomer is 428 nm)3, evidenced by a yellowish-orange color. With
respect to hydrogenobyrinic acid, which absorbs up tolargely due to the change in the electrostatic environ-
ment surrounding the c,d-carboxylates when ring B is max  524 nm [20], incubation with CobH induces a
visible hypsochromic shift, and crystals of the CobH/conformationally plastic. The interactions between the
d-proprionyl group and the hydroxyl groups of Thr86 HBA complex are characteristically pinkish-orange in
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Table 1. Phasing and Refinement Statistics
Data Collection
Space group C2 (monoclinic)
Hg Acetate Native HBA
Data sets
Unit cell (A˚) a  89.9 a  90.1 a  86.4
b  36.7 b  36.6 b  36.4
c  60.3 c  60.3 c  56.3
  113.2   113.7   116.9
Wavelengths (A˚) 1.005, 1.008, 1.002 1.542 1.542
Max resolution (A˚) 1.80 2.10 2.60
Measured reflections 72,480 26,519 17,886
Unique reflections 16,262 10,108 5,501
Completeness (%) overall/last shell 94.8/95.2 94.3/94.1 98.1/98.4
I/I (overall/last shell) 18.6/11.1 8.4/4.3 9.3/4.6
Rmerge (overall/last shell)a 0.052/0.133 0.079/0.278 0.106/0.266
FOM (MAD/solvent flattened)b 0.574/0.851
Refinement
Resolution range (A˚) 8.0–2.0 8.0–2.1 8.0–2.8
Number of reflections 8,903 8,066 4,076
Working set 7,955 7,468 3,638
Test set 948 598 438
R factorc
Working set 0.183 0.227
Test set 0.236 0.218
Rmsd from Ideality
Bond lengths (A˚) 0.006 0.008
Bond angles () 1.33 1.43
Average B factor (A˚)2 22.54 23.90
Residues included in final model 2–210 2–210  HBA
Number of water molecules 220 120
Occupied volume of unit cell 70.61% 67.97%
a Rsym  |I  I|/I, where Ii is the observed intensity, and I is the average intensity of multiple observations of symmetry-related
reflections.
b Figure of merit (FOM)  [(sinφ)2  (cosφ)2]1/2.
c R factor (R)  hkl‖Fobs||Fcalc‖/hkl|Fobs|.
color, also providing evidence for a disruption in the methyl migrations catalyzed by oxidosqualene cyclase
leading to lanosterol [20]. These 1,2-shifts, however, arehyperconjugation of the corrin.
In summary, based on the proximity of the histidine believed to be a result of the initial cyclization that, by
leaving a positive charge at C-20, triggers the ensuing,residues to ring C of the product, the overall contour of
the binding cavity, and previously reported kinetic data spontaneous, methyl migrations. In other words, the 1,2-
migrations do not depend on catalysis at the active siteand product profiles of CobH, we have suggested that
the overall 1,2-migration of the ring C methyl group from of oxidosqualene cyclase. In the case of CobH, however,
the most stable tautomer of precorrin-8x is catalyticallyC-11 to C-12, in fact, conceals an allowed [1,5]-sigma-
tropic rearrangement of the substrate, precorrin-8x. inert, though poised to undergo the C-11 → C-12 methyl
migration [18]. Instead, this step requires both tauto-Though we lack both the natural substrate for the en-
zyme and the genetically engineered cob knockouts of merization and general acid catalysis by precorrin-8x
methyl mutase. It is also interesting to note that, earlierP. denitricans to test the viability of His43 by site-
directed mutagenesis, we suggest that its strict conser- in the aerobic B12 pathway, the ring contraction process
leading from precorrin-3 to precorrin-4 also features avation and its position atop the C ring nitrogen merit the
implication that it serves as the key catalytic residue. stable intermediate, precorrin-3 hydroxylactone, formed
by CobG in the presence of oxygen, which harbors aThis observation stands in close analogy to the model
reaction observed with simple 2,2-disubstituted pyrro- masked pinacol function as a result of oxygen insertion
and which undergoes the 1,2-shift necessary for ringlenines [3].
In previous literature, several dissimilar mechanisms contraction (comparable to the acyloin step in isoleucine
biosynthesis) only in the presence of the enzyme CobJ [21].have been proposed and tested for the methyl migration
catalyzed by CobH [4, 5, 18]. However, examples of In addition to the mechanistic details offered by our
model, the structure of CobH in complex with hydro-enzyme-catalyzed sigmatropic rearrangements in the
literature are seemingly scant, and no enzymatic model genobyrinic acid appears to stand alone as the only
structure thus far on an enzyme in either cobalaminsystem has thus far been offered to account for the
conversion of precorrin-8x to hydrogenobyrinic acid. biosynthetic pathway to contain a tetrapyrrole ligand in
the enzyme active site. Though several structures havePerhaps the closest analogy for the 1,2-shift featuring
a carbocation terminus is the cascade of backbone been published that contain the complete cofactor, the
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tum IV 2  2 CCD detector and was integrated and reduced usingevents that enable binding of cobalamin appear to be
DENZO and SCALEPACK. MAD phases and structure factors wereindependent of those that enable binding of the corrin
converted, and initial heavy-atom positions were verified usingprecursors (i.e., interactions with the nucleotide region
SOLVE [28], after which a third weakly occupied site was discovered.
of cobalamin and cobalt center of the corrin, which en- Combined phase information for the three heavy-atom sites yielded
hance affinity). Notwithstanding, the structure of CobH a score of 69.18 and a figure of merit of 0.57.
Initial phases were improved using solvent-flattening and histo-provides an explanation for the mechanism by which
gram-matching routines in DM [29]. Iterative cycles of phase im-the intramolecular methyl migration from C-11 to C-12
provement were afforded after carbon skeletonization usingtakes place as a function of general acid catalysis.
BONES, followed by preliminary model building, which was accom-
plished in O [30], and subsequent phase combination using partialExperimental Procedures
models in CNS. OMIT maps that were generated after simulated
annealing and least-squares positional refinement of a model con-E. coli Overexpression and Purification of CobH
taining a noncontiguous span lacking residues 86–91 allowed forE. coli strain CR458 was constructed for the overexpression of
the construction of a continuous model containing residues 2–210.CobH. The cobH gene was amplified by the polymerase chain reac-
Stereochemical analysis using PROCHECK [31] showed all residuestion using P. denitrificans genomic DNA for template and primers
to be in allowable conformations, with 95.0% occupying most fa-that provided restriction sites for insertion into an expression vector
vored conformations. Occupancy and B factor refinement for mod-and a hexahistidine tag (histag) for isolation by metal affinity chro-
els of the apo and bound structures were accomplished using CNS.matography. The sequence of the forward primer was 5-CGC
The introduction of ordered water molecules either through water-GCGGATCCAGGAGGAATTTAAAATGAGAGGATCGCATCACCATC
picking routines in CNS or by inspection in O yielded the completedACCATCACCCTGAGTATGATTACATTCGCGATGGC-3;, containing
model, which had a crystallographic R factor of 18.3% (Rfree 23.6%).a BamHI site (GGATCC), a ribosome binding site (AGGAGGA), co-
The model for the enzyme:product complex was constructed fromdons for the amino acid sequence MRGSHHHHHH (start codon
Fo(bound)-Fo(native) density map interpretation (Figure 6) and refinedand hexahistag), and codons for amino acids 2–10 of CobH. The
similarly in CNS to a crystallographic R factor of 22.7.% (Rfree 21.8%)sequence of the reverse primer was 5-CTGCAGGTCGACTTACA
(Table 1).GGCCCGGCCTCGCGAGCGAGTTAAGCGCTAAAATGAGAGGATC
GCATCACCATCACCATCACCC-3;, containing a SalI site (GTCGAC),
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